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. Steered molecular dynamics (SMD) simulation of CD44 HABD by pulling force. (A) Snapshots of the HABD-HA8 complex at 0 ns (Left) and 3.5 ns (Right) during the SMD simulation. In the SMD simulation, the Cα carbon of the C-terminal residue Ile173 (gray sphere) was pulled at 10 Å/ns in the indicated direction (arrow), whereas the C2 atom of the N-acetylglucosamine residue (green sphere) was kept fixed. In the snapshot after 3.5 ns in the SMD simulation, the C-terminal mechanosensitive latch was completely separated from the α1 helix. (B) The time course of the hydrogen bond donor-acceptor distances between HA NAG1177 and I100 (red) and E52 and Y166 (blue). (C) Schematic depiction of the mechanosensitive latch in the force-induced conformational change of CD44 HABD. Edited by Gerhard Wagner, Harvard Medical School, Boston, MA, and approved May 1, 2015 (received for review December 10, 2014) CD44 is the receptor for hyaluronan (HA) and mediates cell rolling under fluid shear stress. The HA-binding domain (HABD) of CD44 interconverts between a low-affinity, ordered (O) state and a highaffinity, partially disordered (PD) state, by the conformational change of the C-terminal region, which is connected to the plasma membrane. To examine the role of tensile force on CD44-mediated rolling, we used a cell-free rolling system, in which recombinant HABDs were attached to beads through a C-terminal or N-terminal tag. We found that the rolling behavior was stabilized only at high shear stress, when the HABD was attached through the C-terminal tag. In contrast, no difference was observed for the beads coated with HABD mutants that constitutively adopt either the O state or the PD state. Steered molecular dynamics simulations suggested that the force from the C terminus disrupts the interaction between the C-terminal region and the core of the domain, thus providing structural insights into how the mechanical force triggers the allosteric O-to-PD transition. Based on these results, we propose that the force applied from the C terminus enhances the HABD-HA interactions by inducing the conformational change to the high-affinity PD transition more rapidly, thereby enabling CD44 to mediate lymphocyte trafficking and hematopoietic progenitor cell homing under high-shear conditions.
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cell adhesion | allosteric regulation | mechanical force | CD44 | hyaluronan L eukocyte extravasation from blood to sites of infection and inflammation or to specific organs is achieved by a sequential adhesion cascade: (i) rolling, (ii) chemokine-induced activation, (iii) firm adhesion, and (iv) transcellular migration. Rolling is mediated by specialized cell surface adhesion molecules, such as selectins, CD44, and specific types of integrins (1, 2) .
Under conditions of hydrodynamic flow, receptor-ligand bonds are subjected to tensile mechanical force, which disrupts the receptor-ligand bond (Fig. 1A) . In general, the lifetime of the receptor-ligand bond exponentially decreases with an increase of the mechanical force (3). However, there is growing evidence demonstrating that the lifetimes of some receptorligand bonds increase when moderate levels of force are applied (4) (5) (6) (7) (8) (9) . However, the underlying mechanism of this phenomenon is still elusive and in some cases controversial. For example, integrin and bacterial adhesin FimH-mediated adhesion have been explained by an "allosteric model," in which mechanical force induces allosteric changes of the receptor, resulting in the stabilization of the high-affinity state (10, 11) . Although selectin-mediated adhesion has been explained by the allosteric model (12), a different "sliding-rebinding model" was also reported (13) . This model proposes that force tilts the binding interface to make it parallel to the direction of force, allowing the selectin ligand to slide on the selectin and to form new contacts. The sliding-rebinding model has also been used to explain the force-induced activation of von Willebrand factor-mediated adhesion and actin depolymerization (6, 8) .
CD44 is a transmembrane receptor for hyaluronan (HA) (14) . CD44-HA interactions are involved in various physiological and pathological processes mediated over a wide range of hydrodynamic forces, including T-lymphocyte trafficking on the endothelium (15, 16) , hematopoietic progenitor cell homing into bone marrow niches (17) , and the progression of atherosclerosis (18) .
The HA-binding domain (HABD) of CD44 adopts two distinctive conformations representing the low-and high-affinity states for HA (19) (20) (21) . HABD is composed of a conserved Link module and the N-and C-terminal extension segment (22) . In the ordered (O) state, the C-terminal segment is well folded (Fig. 1B) (19) , whereas it becomes disordered in the partially disordered (PD) state upon ligand binding (Fig. 1C) (20) . In addition, solution NMR analyses demonstrated that HABD exists in an equilibrium between the O and PD states in both the HA-unbound and HAbound states, with a transition rate of ∼500 ms, and that HA binding induces an equilibrium shift toward the PD state (21) (Fig.  1D ). The Y161A mutant, which constitutively adopts the PD state, exhibits a higher affinity than wild-type HABD, indicating that the O and PD states represent the low-and high-affinity states for HA, respectively (21) (Fig. 1E) . Cells expressing the Y161A mutant exhibited firm adhesion and impaired rolling on an HA substrate, suggesting that the two-state conformations are essential for the CD44-mediated rolling under flow conditions (21) .
Despite the importance of the mechanical force in rolling, the means by which it affects the CD44-mediated rolling remain poorly characterized. Recently, it was reported that the rolling of CD44-expressing cells is enhanced at the higher shear stress (23) , raising the possibility that CD44 possesses some mechanochemical specializations to resist higher tensile force. Considering the fact that the C terminus of CD44 HABD is connected to the plasma membrane, the force applied from the C terminus of HABD would induce the allosteric transition from the O to the PD state, thereby providing the resistance to the applied force. On the other hand, our previous NMR studies demonstrated that more than 90% of HABD adopts the PD state in the HAbound state (21) , indicating that the free energy of the PD state can be lowered upon HA binding, regardless of the presence or
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This article is a PNAS Direct Submission. absence of the tensile force. Therefore, it is worthwhile to investigate whether the CD44-HA interaction is strengthened by the tensile force.
To assess the effect of the tensile force on the CD44-mediated rolling, we established a cell-free rolling system using cell-sized beads, which are coated with recombinant HABDs. The effect of the tensile force can be investigated by comparing the rolling activity of the beads coated with the ligand-binding domain via the N-terminal or the C-terminal tag (Fig. 1G) (10) . We compared the rolling behavior of the beads with N-or C-terminally attached HABD and found that the rolling behavior was stabilized only at higher shear stress, when HABD was attached to the beads via the C-terminal tag. Steered molecular dynamics (SMD) simulations suggested that the force from the C terminus induces the dissociation of the "mechanosensitive latch" in the C-terminal region, which triggers the conversion from the O to the PD state. Based on these results, we propose that the tensile force from the C terminus stabilizes the CD44-HA bond by inducing a rapid transition from the O to the PD state, thereby sustaining the CD44-mediated cell rolling under higher shear stress conditions.
Results
Rolling Analyses in a Cell-Free System. To immobilize HABD on beads by biotin-avidin chemistry, the HABD construct containing the AviTag at the C terminus was expressed and subjected to in vitro biotinylation by biotin ligase (BirA). We confirmed that the attachment of the AviTag did not affect the conformation and the HA-binding affinity of HABD, by NMR and surface plasmon resonance (SPR) analyses, respectively ( Fig. S1 and Table S1 ). The C-terminally biotinylated wild-type (WT) HABD was then immobilized to the avidin-coated beads with a 10 μm diameter, which is equivalent to the size of mammalian lymphocytes. The rolling behavior of the HABD-immobilized beads was investigated by perfusing them in a parallel plate laminar flow chamber, in which the bottom surface was coated with the HA ligand (Table S2 ). The HABD-coated beads exhibited initial tethering and subsequent rolling behaviors on the HA surface. The rolling velocity was similar to that observed in previous rolling experiments, using mammalian cells expressing intact CD44 (21) . We confirmed that the adhesion behaviors were mediated by the specific interaction between HABD and HA, based on following results: (i) The HABD-coated beads did not adhere to the plate without the HA immobilization, and (ii) the beads without the HABD immobilization did not adhere to the HA-coated plate. Therefore, we concluded that the CD44-mediated rolling was successfully reconstituted by the cell-free rolling system.
We compared the rolling behavior of beads coated with WT HABD to that of beads coated with the PD-state mutant via the C-terminal tag. First, we prepared beads, bearing nearly equal amounts of either WT HABD or the PD-state mutant (Fig. S2 ). The rolling behavior was measured by the detachment assay, as follows. The beads were allowed to accumulate on the HAcoated surface for 5 min at a low shear stress of 0.3 dyn/cm 2 and then subjected to increasing shear stress up to 2.0 dyn/cm 2 . The rolling behavior of the beads was quantified by two parameters: (i) the percentage of beads remaining bound and (ii) the average rolling velocity at each shear stress. In the detachment assay, both the WT HABD-coated beads and the PD-state mutantcoated beads showed stable adhesion even at higher shear stress, although the PD-state mutant was somewhat more shear resistant than WT ( Fig. 2A) . However, the averaged rolling velocities revealed that the PD-state mutant-coated beads mainly exhibited firm adhesion, whereas the WT HABD-coated beads exhibited rolling (Fig. 2B) . These results are consistent with those of previous rolling experiments, using human cancer cells stably transfected with CD44 (21) . To further demonstrate the significance of the two conformational states of HABD in the cell rolling, we designed a mutant in which the conformation was locked in the O state. To stabilize the O-state conformation, T47 in the α1 helix in the Link module and N164 in the C-terminal extension region, which are close to each other in the crystal structure of HABD in the O state, were substituted with Cys to form an intradomain disulfide bond ( Fig. 1  B and F) . We confirmed that the T47C/N164C mutant forms an additional disulfide bond. The NMR spectrum of the mutant exhibited only the signals corresponding to the O state, indicating that the conformation of the T47C/N164C mutant was locked in the O state (Fig. S3) . By SPR analyses, the dissociation constant (K D ) of the T47C/N164C mutant was estimated to be 53 μM, which was twofold lower than that of WT. Therefore, these results supported that the T47C/N164C mutant exclusively adopts the lowaffinity conformation of the O state. Hereafter, we refer to the T47C/N164C mutant as the O-state mutant. We prepared beads coated with the O-state mutant via the C-terminal tag and performed the detachment assay. Overall, the beads coated with the O-state mutant mainly exhibited rolling with a faster velocity than the beads with WT HABD (Fig. 2D) . Notably, as the shear stress increased, fewer beads were able to continue rolling and almost all beads were detached at 1.5 dyn/cm 2 , indicating that the shear resistance of the beads coated with the O-state mutant was weaker than that of the beads coated with WT HABD and the PD-state mutant (Fig. 2C) . The completely different rolling behaviors between the O-and the PD-state mutants further support the existence of two legitimate states in HABD. In addition, the reduced shear resistance of the O-state mutant clearly indicates that the transition from the O to the PD state upon ligand binding is necessary to increase the resistance to the detachment at high shear stress. Therefore, we concluded that the conformational transition from the O to the PD state is necessary for CD44 to mediate the cell rolling under a wide range of shear stresses.
Only the Force Applied from the C Terminus Stabilizes the Rolling Under Higher Shear Forces. Next, we compared the rolling activity of beads coated with WT HABD, through either the N-terminal or the C-terminal tag (Fig. 1G) . Given that the tensile force from the C terminus could promote the transition from the O to the PD state, it is expected that the beads with the C-terminally attached HABD would be more resistant to the shear forces, compared with those with the N-terminally attached HABD. First, we confirmed that the affinity for HA was equivalent between the N-and C-terminally tagged WT HABDs in solution (Table S1 ). We also confirmed that almost equal amounts of HABD with the N-terminal and C-terminal tags were immobilized on the beads (Fig. 3A) . In the detachment assay, the beads with the N-and C-terminally attached HABDs both exhibited stable rolling at lower shear stresses below 0.75 dyn/cm 2 ( Fig. 3 B and C) . The average rolling velocity was also similar between the beads with N-terminally and C-terminally attached WT HABD below 0.5 dyn/cm 2 ( Fig. 3C) . On the other hand, the rolling velocity of the beads with the N-terminally attached WT HABD increased faster than that of the beads with the C-terminally attached WT HABD at shear stresses above 1.0 dyn/cm 2 . The average rolling velocities of the beads with N-and C-terminally attached WT HABD at 1.25 dyn/cm 2 , for example, were 23 ± 2 μm/s and 12 ± 1 μm/s, respectively (Fig. 3C) . Furthermore, the beads with the N-terminally attached WT HABD detached rapidly at high shear force, and only 10% of those remained attached at 1.5 dyn/cm 2 (Fig. 3B) . In contrast, more than 60% of the beads with the C-terminally attached WT HABD continued rolling at 1.5 dyn/cm 2 (Fig. 3B) . These results indicate that the rolling mediated by the N-terminally attached WT HABD was sustained less under high shear stress conditions than that by the C-terminally attached WT HABD.
Next, we compared the rolling activity of the beads coated with the PD-state mutant through the N-or the C-terminal tag. Because no conformational change would be induced by the mechanical force in those mutants, it was expected that the rolling behavior would not be affected by the directionality of the force. Indeed, the percentage of the remaining bound beads was similar between the beads with the N-terminally and C-terminally attached PD-state mutant, along a wide range of shear stresses. The beads with the N-terminally and C-terminally attached PD state remained adhered below 1.5 dyn/cm 2 and suddenly detached at 1.75 dyn/cm 2 and 2.0 dyn/cm 2 , respectively (Fig. 3D) . The rolling velocity was also similar between the beads with the N-and C-terminally attached PD-state mutants (Fig. 3E) , indicating that the PD-state mutant exhibited firm adhesion, regardless of the directionality of immobilization.
Finally, we also compared the rolling activities of the beads with the N-terminally and C-terminally attached O-state mutant. Similar to the PD-state mutant, no significant difference was found: Both exhibited weaker shear resistance and almost all of the beads detached by 1.5 dyn/cm 2 (Fig. 3F) . The rolling velocity also increased rapidly, as the shear stress increased (Fig. 3G) . All of these results support the hypothesis that the force applied from the C terminus of HABD facilitates the transition from the O to the PD state and thus stabilizes the CD44-mediated rolling under higher shear stress conditions.
Conformational Transition Triggered by the Dissociation of the
Mechanosensitive Latch. We performed SMD simulations to explore how the force applied from the C terminus changes the conformation of CD44 HABD. As the initial structure for the SMD simulation, we used the crystal structure of mouse CD44 HABD in complex with an HA octamer that adopts the O-state conformation (24) . Because the ligand binding induces the equilibrium shift from the O to the PD state (21), this structure would reflect the complex structure that is formed by the initial contact between HABD on the beads and the immobilized HA. During the simulation, the C terminus of HABD was pulled at a constant velocity. On the other hand, one HA atom located in the center of the octamer chain was held fixed, which resembles the physiological situations where the HA chains are stably immobilized on the surface of the endothelium. Throughout the simulation period of 4 ns (Fig. S4) , the interaction between HABD and HA was sustained against the pulling force (Fig.  4A ). For instance, the hydrogen bond between the carbonyl oxygen of Ile100 and the amide nitrogen of N-acetylglucosamine (NAG) was stably formed (Fig. 4B) , suggesting that the interaction between HABD and HA is strong enough to resist the pulling force. Whereas the structure of HABD also remained mostly unchanged by the pulling force, a significant conformation change was observed for the C-terminal region of HABD (residues 166-178). This region, which was initially docked into the α1 helix, became detached in the course of the SMD simulation (Fig. 4A) . The hydrogen bond between a hydroxyl group of Y166 (corresponding to Y161 in human CD44) and the hydroxyl group of E52 (corresponding to E48 in human CD44) was disrupted at ∼3 ns (Fig. 4B ). This result is consistent with the fact that the substitution of Y161 with Ala destabilizes the O state, and the mutant HABD adopts only the PD state (21) . The results of the SMD simulation suggest that the mechanical force facilitates rapid conformational rearrangements from the O to the PD state by releasing the mechanically weak interaction between the α1 helix and the C-terminal region, which we refer to as a mechanosensitive latch. Therefore, we propose that mechanical force induces the dissociation of the C-terminal mechanosensitive latch from the α1 helix and thus facilitates the allosteric transition to the PD state (Fig. 4C) .
Discussion
In the present study, we reconstituted CD44-mediated cell rolling by using beads bearing recombinant HABD, attached via a biotinylated tag. By using the cell-free system, the rolling experiments can be performed under well-controlled conditions (25) , without heterogeneities derived from cellular features, such as cell sizes and shapes, CD44 expression level, other endogenous proteins, and posttranslational modifications. Therefore, the cell-free rolling system, using WT HABD and its mutants stabilized in the O or the PD state, allowed us to investigate the CD44-mediated rolling in a quantitative manner. It should be mentioned that the rolling behaviors are not identical between the cells expressing CD44 and the beads displaying the HABD. For instance, the stabilization of the rolling (e.g., increase of adhesion numbers or decrease of rolling velocities) at high shear stress was observed only for the experiments using cells (21, 23) . Those differences may be ascribed to the cellular features, such as the formation of microvilli, slings (26) , and cell flattening, which also contribute to stable rolling (27) .
In agreement with the previous rolling experiments using VMRC-LCD cells expressing intact CD44, the beads coated with WT HABD exhibited rolling on the HA-coated surface. The beads coated with the PD-state mutant also firmly adhered to the HA surface, which was also consistent with the previous rolling experiments using mammalian cells. In addition, we designed the O-state mutant, in which the conformation is locked in the O state by an intradomain disulfide bond. Although the beads coated with the O-state mutant exhibited rolling under low-shear conditions, they were more easily detached at higher shear stress than those with WT HABD. These results unequivocally demonstrated that the two-state conformational equilibrium between the O and PD states is necessary for CD44-mediated rolling over a wide range of shear stresses.
Another important finding of this study is the effect of the mechanical force on the CD44-mediated rolling. Compared with the N-terminally attached HABD, the C-terminally attached HABD mediated more stable rolling at higher shear stress (Fig. 3 B and C) . In contrast, no difference was observed for the beads coated with HABD mutants that adopt only the O state or the PD state (Fig. 3  D-G) . These results strongly indicate that the tensile force applied from the C terminus of the HABD stabilizes the PD state. The mechanical regulation of CD44 is allosteric, as supported by SMD simulations (Fig. 4) . The SMD simulations demonstrated that the pulling force disrupts the mechanically labile interaction between the α1 helix and the C-terminal mechanosensitive latch. In the O state, Tyr-161 forms hydrogen bonds with Glu-48 in the α1 helix of the Link module. At the same time, Glu-48 stabilizes the orientation of the Lys-38 sidechain that forms a backbone hydrogen bond with Arg-41, which is critical for HA binding (Fig. S5 ) (24) . Therefore, the disruption of the mechanosensitive latch interaction would disrupt this internal interaction network, thereby propagating the conformational change at the HA-binding site from the low-to the high-affinity state.
We postulated a mechanism of how the mechanical force stabilizes the HABD-mediated rolling under high shear stress. The HABD molecule at the leading edge of a rolling bead forms an initial contact with HA in the low-affinity O state (Fig. 5A) . As the bead rolls on HA, the location of the HABD-HA bond reaches the rear end of the bead, resulting in the breakage of the bond at the rear end (Fig. 5B) . Considering the diameter of the cell-sized bead (10 μm) and the tether length (12 nm), the maximum displacement of the beads (denoted as "contact zone," Fig. 5B ) supported by a single HABD-HA bond is estimated to be 0.7 μm. The particle-tracking analyses demonstrated that the velocity of the beads moving on the HA substrate changes frame by frame (28) (Fig. S6A) . As a result, more than half of the beads passed over the contact zone within ∼80 ms, and about 80% passed within ∼120 ms at a shear stress of 1.0 dyn/cm 2 ( Fig. S6B ). On the other hand, our previous NMR ZZ-exchange experiments revealed that the exchange rate between the O and PD states is on a timescale of 500 ms (21) . Therefore, the duration of a single tether is too short for HABD to undergo the conformational transition from the O to the PD state, in the absence of force (Fig.  5D) . However, when the tensile force is applied from the C terminus of HABD, the C-terminal mechanosensitive latch of HABD is immediately removed from the α1 helix, as shown by the SMD simulation, thereby inducing a further global conformational change to achieve the high-affinity PD state within 80 ms (Fig. 5D) . As a result, the bonds at the rear end become more resistant to detachment and their lifetime will be prolonged, and the new bonds can be formed at the front side of the bead, before the bonds break at the rear end (Fig. 5C) . In this manner, the rate of bond dissociation at the rear end is balanced by the rate of new bond formation at the front edge, and the CD44-mediated rolling is stably sustained under high shear conditions. This model explains the impaired rolling ability of the mutant HABDs. Our present rolling experiments indicate that the rolling mediated by the O-state mutant was unstable, due to the weak shear resistance. This is because the O-state mutant loses the ability to undergo the conformational transition to the PD state, resulting in excess bond dissociation at the rear end relative to new bond formation at the leading edge (Fig. 5E) . In contrast, the PD-state mutant exhibited only firm adhesion, rather than rolling. This behavior can be explained by the inability to undergo the conformational transition to the O state, resulting in excess new bond formation at the leading edge relative to the bond dissociation at the rear end (Fig. 5F ).
As stated above, the estimated tether length between the HA on the surface and the HABD on the bead is 12 nm. The short tether length results in the steep bond angle of 88.7°, and the total force exerted on all HABD-HA bonds at a shear stress of 1.0 dyn/cm 2 is estimated to be 3.4 nN, which is 10 times larger than the force applied to the P-selectin-PSGL-1 bonds (28) . Considering that an individual adhesion receptor-ligand noncovalent bond can bear forces in the range of 100 pN (10), the CD44-mediated rolling should be supported by a large number of bonds, compared with that mediated by selectin. It may be consistent with the fact that the HABD density on the beads in this study is 3,000-6,000 /μm 2 , which is one order of magnitude higher than that in selectin-mediated rolling (27) . In addition, it is expected that the unfolding of the C-terminal region will increase the tether length, which will reduce the total tensile force. Therefore, the tethers formed between the CD44-HA bonds are further stabilized upon the unfolding of the C-terminal segment, by a similar mechanism to that reported for type 1 pili of Escherichia coli (29) .
In the previous study of the αL integrin I domain, it was hypothesized that the applied tensile force stabilizes the high- affinity state, by lowering the free energy of the high-affinity state relative to the low-affinity state (10) . Here, we propose that the critical effect of the tensile force on the CD44-HA bond is to lower the energy barrier between the two states, rather than to lower the energy minimum of the PD state. Although the kinetic effect of mechanical force on receptor-ligand bonds was suggested in some systems (9, 30, 31) , the significance of the increase in the transition rate for the adhesive function has not been reported so far, to our knowledge. Therefore, this is to our knowledge the first demonstration of the importance of the kinetic control of the tensile force in the adhesive function. It is possible that the force-induced rapid conformational transition may also regulate the adhesiveness mediated by other adhesion receptors, such as selectins and integrins (32) . CD44-mediated cell rolling is important in many physiological processes, such as leukocyte trafficking and hematopoietic progenitor cell homing to their niches. In addition, the involvement of rolling is also anticipated in pathological events, including the progression of atherosclerosis and cancer stem cell homing to specific niches (18, 33) . In these processes, adhesive bonds are occasionally exposed to high levels of shear stress. For example, shear stress on bone marrow reaches ∼8-30 dyn/cm 2 , due to the mechanical loading and bending of bones (34) . Our present findings provide the structural basis for the CD44-mediated cellular processes, which occur under high shear forces.
Materials and Methods
The AviTag sequence was attached at either the C terminus or the N terminus of CD44 HABD (residues Q21-V178). The AviTagged HABDs were expressed and purified as described previously (22) and treated with biotin ligase BirA. The biotinylated HABD was attached to avidin-coated beads (Bangs Laboratory). The HABD mutants (Y161A and T47C/N164C) were generated using the QuikChange method (Stratagene).
In the cell-free rolling experiments, the HABD-coated beads were suspended at a density of 4 × 10 4 /mL, in PBS containing 0.1% (wt/vol) BSA and 1 mM EDTA, and were perfused over the flow chamber, in which the bottom surface was coated with high-molecular-mass HA. In the detachment assays, the HABDcoated beads were perfused over the flow chamber at 0.3 dyn/cm 2 for 5 min and then subjected to increasing shear stress every 10 s up to 2.0 dyn/cm 2 . The SMD simulations were performed with the program NAMD2 (35) . The crystal structure of the mouse CD44 HABD in complex with an HA 8mer [Protein Data Bank (PDB) code: 2JCR] (24) was used as the initial structure. During the simulations, the C2 atom of N-acetylglucosamine residue 1,177 was kept fixed, whereas the Cα atom of the mouse HABD C-terminal residue Ile-173 was pulled at a constant speed of 10 Å/ns with a spring constant of 1 kcal·mol
. More detailed procedures are described in SI Materials and Methods.
